Gharib SA, Liles WC, Klaff LS, Altemeier WA. Noninjurious mechanical ventilation activates a proinflammatory transcriptional program in the lung. Physiol Genomics 37: 239 -248, 2009. First published March 10, 2009 doi:10.1152/physiolgenomics.00027.2009.-Mechanical ventilation is a life-saving intervention in patients with respiratory failure. However, human and animal studies have demonstrated that mechanical ventilation using large tidal volumes (Ն12 ml/kg) induces a potent inflammatory response and can cause acute lung injury. We hypothesized that mechanical ventilation with a "noninjurious" tidal volume of 10 ml/kg would still activate a transcriptional program that places the lung at risk for severe injury. To identify key regulators of this transcriptional response, we integrated gene expression data obtained from whole lungs of spontaneously breathing mice and mechanically ventilated mice with computational network analysis. Topological analysis of the gene product interaction network identified Jun and Fos families of proteins as potential regulatory hubs. Electrophoretic mobility gel shift assay confirmed protein binding to activator protein-1 (AP-1) consensus sequences, and supershift experiments identified JunD and FosB as components of ventilationinduced AP-1 binding. Specific recruitment of JunD to the regulatory region of the F3 gene by mechanical ventilation was confirmed by chromatin immunoprecipitation assay. In conclusion, we demonstrate a novel computational framework to systematically dissect transcriptional programs activated by mechanical ventilation in the lung, and show that noninjurious mechanical ventilation initiates a response that can prime the lung for injury from a subsequent insult. gene network; chromatin immunoprecipitation; activator protein-1; F3; lung injury MECHANICAL STRETCHING OF CELLS occurs under normal and abnormal physiological conditions and results in specific cellular responses collectively known as mechanotransduction (40). The lungs undergo cyclical stretching during spontaneous breathing and are well adapted to the ensuing volumetric changes (34). However, the cellular consequences of mechanical ventilation (MV), a life-saving intervention during respiratory failure, may be significantly different. Animal and human data have implicated MV as an important contributor to the development of lung injury when delivered at high volumes (e.g., 12-20 ml/kg)-a phenomenon termed ventilator-induced lung injury (VILI) or ventilator-associated lung injury (VALI) (2, 4, 15, 27, 34, 39) . On the basis of these landmark studies, patients presently undergoing MV are being ventilated at volumes significantly lower (6 -10 ml/kg) than those previously deemed acceptable (44).
2009.-Mechanical ventilation is a life-saving intervention in patients with respiratory failure. However, human and animal studies have demonstrated that mechanical ventilation using large tidal volumes (Ն12 ml/kg) induces a potent inflammatory response and can cause acute lung injury. We hypothesized that mechanical ventilation with a "noninjurious" tidal volume of 10 ml/kg would still activate a transcriptional program that places the lung at risk for severe injury. To identify key regulators of this transcriptional response, we integrated gene expression data obtained from whole lungs of spontaneously breathing mice and mechanically ventilated mice with computational network analysis. Topological analysis of the gene product interaction network identified Jun and Fos families of proteins as potential regulatory hubs. Electrophoretic mobility gel shift assay confirmed protein binding to activator protein-1 (AP-1) consensus sequences, and supershift experiments identified JunD and FosB as components of ventilationinduced AP-1 binding. Specific recruitment of JunD to the regulatory region of the F3 gene by mechanical ventilation was confirmed by chromatin immunoprecipitation assay. In conclusion, we demonstrate a novel computational framework to systematically dissect transcriptional programs activated by mechanical ventilation in the lung, and show that noninjurious mechanical ventilation initiates a response that can prime the lung for injury from a subsequent insult. gene network; chromatin immunoprecipitation; activator protein-1; F3; lung injury MECHANICAL STRETCHING OF CELLS occurs under normal and abnormal physiological conditions and results in specific cellular responses collectively known as mechanotransduction (40) . The lungs undergo cyclical stretching during spontaneous breathing and are well adapted to the ensuing volumetric changes (34) . However, the cellular consequences of mechanical ventilation (MV), a life-saving intervention during respiratory failure, may be significantly different. Animal and human data have implicated MV as an important contributor to the development of lung injury when delivered at high volumes (e.g., 12-20 ml/kg)-a phenomenon termed ventilator-induced lung injury (VILI) or ventilator-associated lung injury (VALI) (2, 4, 15, 27, 34, 39) . On the basis of these landmark studies, patients presently undergoing MV are being ventilated at volumes significantly lower (6 -10 ml/kg) than those previously deemed acceptable (44) .
We recently demonstrated (3) that the combination of noninjurious MV and low-dose exposure to bacterial products can cause severe lung injury in mice, implying a comodulatory role for MV in lungs that are at risk for developing injury. Using computational methods, we subsequently identified key regulatory modules activated in this "two-hit" model of acute lung injury (20) . In the present work, we tested the hypothesis that noninjurious MV by itself initiates a proinflammatory transcriptional program in the lung and undertook an unbiased approach to partially decipher this complex network of pathways. We found that healthy lungs undergoing MV were "primed" and potentially vulnerable to significant injury from insults that would not have been injurious during spontaneous respiration. Importantly, we biologically validated several of our computational predictions. Our modeling methods identified regulatory nodes within activated genetic networks that, if targeted, may modify the lung's inflammatory response to MV.
MATERIALS AND METHODS
Antibodies. Antibodies to JunD (sc-74), c-Jun (sc-45), JunB (sc-46), c-Fos (sc-52), FosB (sc-48), Fra-1 (sc-183), and Fra-2 (sc-171) were purchased from Santa Cruz Biotechnology. Antibodies to phospho-Jun (9164, binds to c-Jun phosphorylation at S73 and JunD phosphorylation at S100), phospho-JNK (9251), and phospho-ERK1/2 (4370) were purchased from Cell Signaling Technologies. Antibody to mouse actin was purchased from Abcam.
Animal experiments. All animal experiments were approved by the University of Washington's Animal Care Committee. Experiments in which RNA was collected for microarray analysis were performed and reported as part of a previous study (3) . Additional experiments were performed for quantitative RT-PCR (qRT-PCR), electrophoretic mobility gel shift assay (EMSA), and chromatin immunoprecipitation (ChIP) experiments with the same animal protocol. Briefly, 8-wk old male C57BL/6 mice (Harlan) were randomly assigned to two groups: spontaneous breathing (control) and MV. MV animals were anesthetized and mechanically ventilated with a tidal volume of 10 ml/kg, a respiratory rate of 150 min Ϫ1 , a fraction of inspired O2 (FIO 2 ) of 0.21, and 0 cmH 2O end-expiratory pressure (MiniVent, Harvard Biosciences) for 4 h. The control mice breathed spontaneously during this 4-h period. At the conclusion of the intervention period, mice were euthanized by exsanguination, lungs were flushed with RNase-free PBS via the right ventricle and homogenized, and total RNA was isolated with the RNeasy Midi Kit (Qiagen). RNA integrity was confirmed with the Bioanalyzer 2100 (Agilent).
Histology. For each group, two additional mice were killed at the end of the intervention period and their lungs were removed and fixed via intratracheal instillation of 4% formalin at a transmural pressure of 20 cmH 2O. After fixation the lungs were embedded in paraffin, and 4-m sections were stained with hematoxylin and eosin (H & E).
Oligonucleotide microarray data analysis. Microarray experiments were performed and reported in a previous study (3) . For each mouse, labeled cRNA was prepared from total RNA and hybridized to an Affymetrix GeneChip MOE430A oligonucleotide microarray with minor modifications from Affymetrix-recommended protocols. Mi-croarrays were scanned with Affymetrix GeneChip Scanner, and image analysis was performed with Affymetrix MAS 5.0 software. Background adjustment and quantile normalization across all microarrays were performed with the Robust Multichip Average algorithm (RMAExpress) (9) . Statistically significant differential gene expression during MV relative to spontaneous breathing was determined with a Bayesian t-test algorithm (5). The multiple-comparisons problem was addressed by using the false discovery rate (FDR) methodology proposed by Benjamini and Hochberg (8) . Two-dimensional hierarchical clustering using the average linkage method and euclidean distance metric was applied to the normalized gene expression intensities across all samples (35) . Multidimensional scaling using principal components was performed based on the covariance matrix of normalized gene expression values from all 12 animals (35) . All microarray data, in compliance with Minimum Information About a Microarray Experiment (MIAME), are available at the GEO website (http://www.ncbi.nlm.nih.gov/projects/geo/; query GSE 2411). Genetic network interactome. A gene product interaction network was created from the transcriptional profiling experiments with Ingenuity System's database (10) and the mining of several publicly available resources: 1) Human Protein Reference Database, consisting of ϳ25,000 proteins and ϳ35,000 interactions (32); 2) Biomolecular Interaction Network Database, comprising ϳ200,000 interactions (1); and 3) Database of Interacting Proteins, containing ϳ20,000 proteins and ϳ55,000 interactions (36) . Gene product networks were constructed based on an iterative algorithm utilizing the connectivity of the input gene set. These subnetworks were then merged with each other to create a larger gene interaction network, or interactome. We limited the nodes of the interactome to genes differentially expressed during MV. The topology of the resulting network was studied by determining its connectivity matrix. To assess whether the interactome possessed "scale-free" properties, i.e., followed a power law distribution, the degree distribution of the nodes, P(k), was plotted versus the nodes' connectivity, k (6) .
Functional enrichment analysis. Gene annotation of all probe sets present on each GeneChip was obtained from the Gene Ontology database (19) . Highly enriched biological modules activated during MV were determined with Expression Analysis Systematic Explorer (EASE) (22) . Multiple hypothesis testing was addressed by performing a permutation analysis (n ϭ 1,000) to calculate the global FDR. An FDR cutoff value of 0.1% or less was used for designating a biological module as significantly enriched. Next, a more expansive enrichment analysis was performed with the ToppGene program (http://toppgene.cchmc.org) (12) . This web-based software performs simultaneous functional analysis of user-provided gene lists based on literature-derived databases covering several ontologies, disease phenotypes, biological pathways, and gene expression regulators.
Electrophoretic mobility gel shift assay. To confirm biological activation of computationally identified transcription factors, we enriched the nuclear protein fraction of lung tissue collected from mechanically ventilated mice as previously described (7). Mice were mechanically ventilated for varying periods of time with the protocol described above. For each mouse, 10 g of nuclear protein was incubated with 1 l of a specific consensus binding sequence endlabeled with IRDye 700 infrared fluorescent tag (LI-COR Bioscience, Lincoln, NE) for 20 min at room temperature in a final reaction volume of 20 l. After incubation, binding reactions were subjected to 4% nondenaturing polyacrylamide gel electrophoresis, and the gel was directly imaged on an Odyssey infrared imaging system (LI-COR Bioscience). For activator protein-1 (AP-1) EMSA, the probe sequence was sense: 5Ј-CGC TTG ATG ACT CAG CGG GAA-3Ј and antisense: 5Ј-TTC CGG CTG AGT CAT CAA GCG-3Ј.
Optimized AP-1 binding buffer contained 10 mM Tris (pH 7.5), 50 mM KCl, 3.5 mM dithiothreitol (DTT), 1 g of poly(dI-dC), 0.25% Tween 20, 0.05% NP-40, and 5 mM MgCl 2. For cAMP response element (CRE) EMSA, the probe sequence was sense: 5Ј-AGA GAT TGC CTG ACG TCA GAG AGC TAG-3Ј and antisense: 5Ј-CTA GCT CTC TGA CGT CAG GCA ATC TCT-3Ј.
The optimized CRE binding buffer was the same as the AP-1 buffer except without any MgCl 2. For supershift EMSA, nuclear protein was preincubated in binding buffer with 2 g of antibody at 4°C in an Chromatin immunoprecipitation assay. For qRT-PCR experiments, cDNA was synthesized from isolated RNA with the Superscript II kit (Invitrogen) per the manufacturer's instructions. Quantitative PCR was performed with Taqman primer/probe sets (Applied Biosystems) on an Mx3000P real-time PCR machine (Stratagene).
To isolate chromatin for subsequent ChIP, spontaneously breathing or mechanically ventilated mice were euthanized after 1 h. A combined thoracotomy and laparotomy was done, and the left renal artery was transected. The lungs were perfused free of blood via the right ventricle with 5 ml of ice-cold PBS. The left hilum was sutured and the left lung removed. The right lung was then dissected free of the chest and inflated with fresh 1% paraformaldehyde. The trachea was tied off to prevent collapse, and the lung was submerged in 2 ml of 1% paraformaldehyde. After 20 min of cross-linking at room temperature, the lung was removed from the paraformaldehyde, cleaned of trachea and any other mediastinal tissue, homogenized (Omni TH, Omni International) in 2 ml of 1% paraformaldehyde, and incubated for an additional 10 min. Lung homogenate was spun at 4,500 g for 10 min, and the supernatant was discarded. The pellet was resuspended in 1 ml of PBS containing 125 mM glycine and incubated for 5 min to inactivate any remaining paraformaldehyde. The lung homogenate was collected by centrifugation at 10,000 g for 10 min, washed once with 1 ml of PBS, and lysed in 1 ml of immunoprecipitation (IP) buffer [150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5% NP-40, 50 mM Tris ⅐ HCl (pH 7.5)] containing 50 mM PMSF, 10 g/ml leupeptin, and 1 mM DTT by stroking 10 times on the bottom of a test tube rack. The nuclear pellet was recovered by spinning at 10,000 g for 10 min at 4°C and resuspended in 1 ml of IP buffer containing PMSF, leupeptin, and DTT. Chromatin was subjected to 6 cycles of 18 pulses of ultrasonic shearing using a 250-W ultrasonic homogenizer set at a 40% power output and a 70% duty cycle (OmniRuptor 250, Omni International). This protocol was optimized to provide chromatin fragments with an average length of ϳ400 bp. Chromatin was cleared by spinning at 10,000 g for 10 min at 4°C, the optical density at 260 nm (OD 260) of the supernatant was determined, and the supernatant was stored in small aliquots at 80°C for later IP.
ChIP assay was performed by using the method of Nelson et al. (29, 30) . Briefly, the amount of chromatin used for IP from the sample with the lowest OD260 was set to 50 l, and the input IP volume for all other samples was determined by their OD260 with additional IP buffer to bring the final volume to 50 l. For actual IP, 2 g of anti-JunD antibody was used. Samples were incubated with or without (mock IP) antibody for 30 min in an ultrasonic water bath at 4°C followed by centrifugation at 10,000 g for 10 min. The supernatant was transferred to fresh tubes containing 15 l of washed protein A agarose beads (GE Healthcare, Piscataway, NJ), and the slurry was rotated at 4°C for 45 min. The beads were then washed five times with 1 ml of IP buffer. To recover DNA, 100 l of 10% Chelex-100 (Bio-Rad Laboratories) was added to the protein A beads, and the mixture was boiled for 10 min. After cooling to room temperature, 20 g of proteinase K was added to each sample, and the samples were incubated at 55°C while shaking for 30 min followed by boiling for 10 min to inactivate the proteinase K. The suspension was centrifuged, and the supernatant containing coprecipitated DNA was collected. One hundred twenty microliters of nuclease-free H2O was added to the beads, the slurry was vortexed and spun, and the supernatant was collected and pooled with the first collection. The DNA-containing supernatants were stored at Ϫ80°C for later quantitative PCR.
Quantitative PCR for DNA recovered by ChIP was performed with Sybr Green PCR master mix (Quantace) and the Stratagene Mx3000p real-time PCR machine. Primers (Table 1) for the 5Ј-flanking region and for exon 3 of F3 were designed with Primer3 software (http:// primer3.sourceforge.net/) and synthesized by Operon Biotechnologies. PCR reactions contained primers at a 300 nM concentration and 5 l of IP sample/reaction. PCR conditions were set as follows:
denature at 95°C for 10 s, primer anneal at 55°C for 45 s, extension at 72°C for 45 s. Fluorescent data were collected during the anneal step for 40 cycles. Fold enrichment (R) of either the F3 5Ј-flanking region or exon 3 by specific IP relative to mock IP was calculated by R ϭ 2 CTspecific Ϫ CTmock , where CT is the cycle threshold for detection of fluorescence above background for either the specific IP or the mock IP. Statistical comparisons between data sets for all qRT-PCR experiments were performed by Student's t-test on log-transformed data, with a P value Յ0.05 accepted as statistically significant. Data are presented as means Ϯ SE.
Cell culture cyclical stretch model. Mouse lung type II epithelial cells (MLE-12) were purchased from American Type Culture Collection (ATCC; CRL-2110) and grown in DMEM-F-12 medium per ATCC recommendations. Cells were seeded into a six-well collagencoated Bioflex plate (Flexcell International, McKeesport, PA) at a density of 500,000 cells/well. Cells were incubated in a humidified atmosphere of 5% CO 2-95% air at 37°C and grown until Ն80% cellular confluence. Medium was then replaced with serum-free medium, and cells were incubated for an additional 24 h.
Serum-starved cells were subjected to biaxial mechanical stretch with the FX-4000T Flexercell Tension Plus unit at 37°C. The unit applied a 15-20% stretch at 30 cycles/min in a sinusoidal pattern. Cells were harvested at time 0, 30, 60, and 120 min.
After cyclic stretch, medium was aspirated and the cells were washed twice with ice-cold 1ϫ PBS (GIBCO) and collected with a cell scraper in lysis buffer containing (in mM) 20 Tris ⅐ HCl (pH 7.5), 150 NaCl, 1 EDTA, 1 EGTA, 2.5 sodium pyrophosphate, 1 ␤-glycerophosphate, and 1 sodium orthovanadate, with 1% Triton, 1 g/ml leupeptin, 1 tablet of Complete Mini EDTA-free protease inhibitor cocktail (Roche), and 1 tablet of PhosStop phosphatase inhibitor cocktail tablet (Roche). Cell lysate was sonicated and centrifuged at 10,000 rpm for 10 min, and supernatants were collected. Protein content was measured with the bicinchoninic acid (BCA) protein assay kit by Pierce (Rockford, IL).
Cell lysate was resolved by electrophoresis in a 12% SDS-polyacrylamide gel (Invitrogen) and transferred onto a polyvinylidene difluoride (PVDF) membrane (Thermo) for detection of specific proteins by immunoblot. In one experiment, 150 g of total protein from stretched MLE-12 cells was incubated with antibody to JunD in a 4°C ultrasonic bath for 1 h. A 50% slurry of protein A agaraose Fig. 4 . A log-log plot of the topological characteristics of the MV-activated interactome shows a linear relationship between the fractional degree distribution, P(k), of the 176 nodes and their connectivity (k), consistent with a power law distribution.
beads with cell lysis buffer was added to the cell lysate and incubated overnight at 4°C before electrophoresis and immunoblotting.
RESULTS

MV at moderate volumes does not cause lung injury.
As we previously reported (3), MV with tidal volumes of 10 ml/kg over 6 h did not independently result in significantly increased lung permeability or bronchoalveolar fluid cell count compared with spontaneously breathing mice. Figure   1 shows representative H & E stains of mouse lungs during spontaneous respiration and after 6 h of MV at a volume of 10 ml/kg. There was no histological evidence of inflammation or lung injury during MV.
Noninjurious MV triggers a distinct transcriptional response in the lung. Despite the absence of overt cellular injury during MV, 710 unique genes were differentially expressed in the lungs of mechanically ventilated mice compared with spontaneously breathing animals at a FDR Ͻ5%. Hierarchical clus- Fig. 5 . Gene Ontology analysis of the gene interaction network (Fig. 3) . Significantly enriched biological modules and their membership profiles are displayed for genes upregulated and downregulated during MV.
tering of these genes demonstrates two distinct expression patterns across the samples (Fig. 2) . Furthermore, principal component analysis applied to the expression values of all genes present on the microarray platform (ϳ14,000 unique genes) identified two separate clusters in covariance space corresponding to MV and control mice (Supplemental Fig. S1 ). 1 These findings imply that MV, even at volumes not injurious to the lung, results in a global transcriptional signature that is distinct from spontaneous breathing.
MV activates a proinflammatory transcriptional program in uninjured lungs. To identify putative functional interactions between the differentially expressed genes, a network-generating algorithm based on previously confirmed interactions of gene products was used to create a molecular interactome (10) . A subset of 176 differentially expressed genes mapped to a single spanning interaction network as shown in Fig. 3 . The topology of this interactome followed a power law distribution,
, where P(k) is the fractional degree distribution and k is the connectivity of the nodes (Fig. 4) . Gene Ontology analysis of this "scale-free" interactome revealed several highly enriched modules including immune/ defense response, heat shock protein activity, signal transduction pathways, and apoptotic processes (Fig. 5) . Many of these functional categories were confirmed with a pathway-focused analysis with ToppGene enrichment algorithm ( Table 2 ). These findings suggest that a topologically and biologically distinct transcriptional network is activated in the lung during noninjurious MV.
Key regulators of the lung's transcriptional response to MV can be computationally identified and biologically confirmed.
To discover putative factors regulating the lung's response to MV, we focused on the connectivity of gene products within the interactome (Fig. 3 , see also Supplemental Table S1 ). We assumed that those factors serving as central "hubs" of interaction were likely to be critical for maintaining the network's functional robustness (25, 26) . Rank ordering of the network nodes based on their connectivity identified four densely connected hubs: MYC, RELA, FOS, and JUN. The fifth highly connected node was the proinflammatory cytokine IL-6. We also performed an enrichment analysis based on the interactome's putative transcription factor binding sites using ToppGene (Table 2 ). There was significant overlap between the two methods in identifying transcriptional regulators, including AP-1 and RELA. Furthermore, many of the highly enriched pathways identified with ToppGene were regulated by these four transcription factors (Table 3) .
We then tested whether these computationally identified transcription regulators were, in fact, activated by MV by subjecting mice to MV as described above for 0, 1, 2, or 6 h (n ϭ 2 for each time point), followed by isolation of lung nuclear proteins and EMSA with probes containing the AP-1 consensus sequence. Protein binding to the AP-1 sequence was progressively increased by MV at 1, 2, and 6 h (Fig. 6) , implying temporal activation of this key transcriptional regulator of the immune system (17) . Because AP-1 is a heterodimer made up of various combinations of Jun and Fos family proteins, we performed a supershift experiment using the nuclear proteins isolated from a lung subjected to 6 h of MV and antibodies to c-Jun, JunB, JunD, c-Fos, FosB, Fra-1, and Fra-2 (Santa Cruz Biotechnology). The strongest supershifts observed were for lanes with JunD and FosB (Fig. 6B) .
The activation of JunD has not been previously associated with mechanical stretch. To confirm that MV recruits JunD to the regulatory region of a gene induced by MV, we first identified a candidate gene by qRT-PCR that was induced by MV (F3) and then used ChIP to evaluate for JunD interaction with the gene's promoter region. Whole lung RNA was isolated from three mechanically ventilated (4 h) mice and three spontaneously breathing control mice. qRT-PCR confirmed that F3, the gene encoding for tissue factor, was significantly induced by mechanical ventilation (3.8 Ϯ 1.3-fold increased 1 The online version of this article contains supplemental material. expression, P ϭ 0.03; Fig. 7A ). F3 was chosen as a candidate gene because 1) F3 is a member of the gene interactome (Fig.  3) , 2) F3 contains an AP-1 binding site in its regulatory region (28), 3) F3 is implicated in the pathogenesis of lung injury (11, 18, 41) , and 4) lung epithelial cells express F3 (16, 21) . Next, chromatin was isolated from six mice mechanically ventilated for 1 h and from six control mice. Compared with mock IP, IP using antibodies to JunD resulted in significant enrichment of DNA from the JunD promoter region (Fig. 7B) . JunD recruitment to the F3 5Ј-flanking region was significantly increased by MV (4.9 Ϯ 0.87 vs. 2.5 Ϯ 0.88, P ϭ 0.05; Fig. 7B ). Importantly, JunD was not recruited to exon 3 of F3, indicating specificity for the regulatory region of the gene (Fig. 7B ).
Since the above results were obtained by mechanically ventilating whole lungs, many cell types could have contributed to our findings. We hypothesized that alveolar epithelial cells were responsive to cyclical stretch and tested whether cyclical stretch in cell culture could reproduce the in vivo response to MV. We found that MLE-12 cells, derived from an alveolar epithelial cell line (42) , expressed F3 in response to cyclical stretch (Fig. 8A) . Importantly, this finding was associated with phosphorylation of JunD at serine 100 (Fig. 8,  B-D) , reflecting its transcriptional activation. Furthermore, two kinases known to phosphorylate JunD, i.e., JNK and ERK1/2 MAP, were in turn activated by cyclical stretch (Fig. 8, B and  D) . These results recapitulate our in vivo findings and imply that alveolar epithelial cells are key effectors of the lung's transcriptional response to noninjurious MV.
Finally, we proceeded to assess whether the transcription factors computationally predicted to bind to members of the interactome based on ToppGene's enrichment analysis were indeed activated by MV ( Table 2 ). We performed EMSA using probes containing cAMP-responsive element binding protein (CREB) consensus sequence under experimental conditions identical to those of the AP-1 experiments. We observed a progressive increase in CREB binding at 1, 2, and 6 h of mechanical ventilation (Supplemental Fig. S3 ).
DISCUSSION
In this work, we investigated the transcriptional response of intact lungs to noninjurious MV. We initially showed that MV at a volume of 10 ml/kg, while causing no overt injury, resulted in a distinct transcriptional signature enriched in proinflammatory programs in the lung. Next, we developed a computational framework to identify MV-induced pathways in the context of their transcriptional regulators and genetic networks. We validated our approach by biologically confirming the activation of several of these factors, including the identification of a previously unknown role for JunD signaling in mechanical stretch.
To our knowledge, this is the first global assessment of gene expression in lung tissue undergoing noninjurious MV in vivo. Previous investigators have demonstrated that high-volume MV in animals and humans results in lung injury and is associated with elevated levels of inflammatory mediators in the alveolar space and plasma (4, 13, 31, 33, 38, 43) . Using a rat model of high-tidal volume MV, Copland et al. (13) demonstrated the early transcription of ϳ20 genes before the histological appearance of lung injury. Although we performed our studies in a different species and during a later time point, eight of their genes (or close family members) were also differentially expressed in our analysis, including heat shock protein 70 (HSPA1B), whose expression was confirmed by Copland et al. to be localized to airway and alveolar epithelial cells. This observation suggested that although the transcriptional response to mechanical stretch is a temporally dynamic process, there is significant overlap among different models in activation of an early inflammatory program.
We decided to further explore our hypothesis that a core set of common pathways are activated in lungs because of mechanical stretch, regardless of the volume used. Recently, Ma et al. (27) utilized transcriptional profiling and bioinformatics approaches to identify differential gene expression in mouse and rat models of VILI. Despite differences in the volumes used during MV in our noninjurious model and the VILI model of Ma et al. (10 vs. 17-35 ml/kg), we proceeded to compare our microarray results. We utilized the same image processing, normalization, and statistical procedures on Ma's VILI murine data as we had performed on our microarray experiments. Of 75 differentially expressed genes in the VILI model (at FDR Ͻ 0.05), 36 were also differentially expressed in our noninjurious MV strategy (P Ͻ 5 ϫ 10 Ϫ24 for occurring by chance), strongly implying a significant overlap between the lung's transcriptional response during mild and severe stretch. Interestingly, both F3 and MYC were significantly upregulated during VILI (P ϭ 1.3 ϫ 10 Ϫ7 , FDR ϭ 4.0 ϫ 10 Ϫ4 and P ϭ 4.8 ϫ 10
Ϫ5 , FDR ϭ 1.5 ϫ 10 Ϫ2 , respectively), and JUN approached statistical significance (P ϭ 4.8 ϫ 10 Ϫ4 , FDR ϭ 6.5 ϫ 10 Ϫ2 ) in the model of Ma et al. We investigated the mechanisms controlling the transcriptional response to mechanical stretch by identifying a gene interaction network comprised of 176 differentially expressed genes during MV (Fig. 3) . To better understand the complex relationships within this interactome, we functionally categorized its members with Gene Ontology and pathway analyses (Fig. 5, Table 3 ). These functional analyses revealed the enrichment of several proinflammatory modules such as defense/immune response, apoptosis, heat shock protein activity, and cytokine biosynthesis. Members of these modules included well-known components of cellular inflammatory response such as lymphocyte antigen 96 (LY96) chemokine receptor 1 (CCR1), interleukin-6 (IL-6, one of the top 5 densely connected network nodes), plasminogen activator (PLAUR), and several heat shock proteins (HSPA1A, HSPA1B, HSPA8, HSPCA, HSPE1, HSPH1). Other investigators have demonstrated elevated cytokine levels and heat shock protein activity in rodent models of VILI (13, 37) . However, our findings extend these results to a ventilation strategy that is not injurious to the lung and implies that a proinflammatory program is activated in vivo in response to even mild cyclical stretching.
Topological analysis of the MV-activated interactome confirmed that it is approximately scale-free, a common characteristic of complex biological networks (23) . There is increasing evidence that the functional stability of such networks is dependent on hubs of high connectivity (26) . The cornerstones of this interactome were four highly connected transcription factors: MYC, RELA, JUN, and FOS. These hubs were ubiquitous members of the enriched pathways mapped to this interactome (Table 3) . JUN and FOS can dimerize to form the AP-1 transcription factor, a key regulator of proinflammatory genes especially in response to RELA (p65 NF-B) (17) . We confirmed the temporal activation of AP-1 due to MV with EMSA and determined the individual components of this heterodimeric molecule with supershift analysis (Fig. 6) . Our results are consistent with recent studies reporting increased binding activity of AP-1 in isolated, perfused, mechanically ventilated rabbit lungs (24) and the activation of FOS in both isolated rat lungs during VILI (37) and pulmonary epithelial cell lines undergoing mechanical stretch (45) . We have previously demonstrated (2) increased AP-1 activity in rabbit lungs ventilated at mildly injurious volumes of 15 ml/kg. Our present results extend these findings with an in vivo murine model of noninjurious MV, which is more representative of ventilation strategies currently employed in clinical practice.
Additionally, we found that JunD was the primary Jun family protein activated by MV. By adapting the ChIP assay to whole lung, we confirmed recruitment of JunD to the regulatory region of F3 by MV, supporting the relevance of JunD activation to the transcriptional response to mechanical stretch (Fig. 7) . To our knowledge, JunD activation by mechanical stretch/ventilation has not been previously reported. Furthermore, utilizing a well-established in vitro cyclical stretch model, we demonstrated that at least part of these findings can be attributed to the transcriptional response of alveolar epithelial cells. It is important to note that our findings were the direct result of an unbiased and systematic assessment of the global transcriptional response to mechanical stretch, thereby minimizing the "pick and choose" option often utilized for analysis of complex biological processes.
There are several limitations in our analysis. Because transcriptional profiling was performed on whole lungs, we cannot assess the contribution of different cell types to overall gene expression values. However, we proceeded to confirm several of our findings with an in vitro mechanical stretch model on pulmonary epithelial cells. A general shortcoming of our computational approach is the inherent bias and limitation in the current state of knowledge of gene product function and interactions. Therefore, by definition, our analysis is incomplete and future iterations of the same data will yield (slightly) different results.
Although the findings from this study are not directly applicable to humans, the insights gained from it may have several important clinical implications. We demonstrate that even at currently accepted "safe" volumes, MV activates a broad repertoire of proinflammatory and immune-mediated pathways in the lung. Our results suggest that noninjurious MV can "prime" the lung to a state in which a secondary insult, such as infection or ischemia-reperfusion, could precipitate an exaggerated inflammatory response and result in acute injury (3, 14) . Targeting the critical regulators of these stretch-induced programs before the impact of a "second hit" may attenuate the inflammatory consequences that lead to lung injury.
In conclusion, we present a novel computational framework to systematically dissect MV-activated transcriptional programs in the lung. Using this approach, we identify and biologically verify several key transcriptional regulators of MV-induced pathways. These factors may serve as critical targets for modulating VALI.
